INTRODUCTION
Since the carbohydrates are the principal source of energy of the fetus (1), carbon dioxide is the most important end product of fetal energy metabolism. Thus, the amount of carbon dioxide transferred from the fetus to the mother can be used as an indicator of its metabolic activity. The standard methods of determining the metabolic rate of the fetus are based on measurements of oxygen consumption. This requires quantitation of umbilical or uterine blood flow and difference in oxygen content between artery and vein. Accurate measurement of these variables without disturbing the normal state is difficult, if not impossible. The principal objective of this study was to determine COD output of the fetus (net transfer of COs from fetus to mother) without the knowledge of flow rates and arteriovenous differences by METHODS Materials. Two nonpregnant adult and four pregnant rhesus monkeys (Macaca mulatta) near term were used in this study. The nonpregnant animals were used in order to estimate the minimal number of compartments regarding the distribution of carbon dioxide. The rhesus monkey was chosen because of the similarity of placental structure and the relative size of body compartments of the fetus and mother with those of the human. In addition, the presence of a secondary placenta enables one to obtain fetal blood from interplacental vessels without rupturing the amnion. In the rhesus monkey the umbilical vessels reaching the chorionic plate divide into numerous branches supplying the primary placenta. One or more trunks consisting usually of two arteries and one vein bypass it to reach the secondary lobe. The interplacental vessels course in the potential space between amnion and chorion, and can be readilly isolated. This morphologic arrangement has been exploited in various animals, and was first applied to the rhesus monkey by Reynolds, Paul, and Huggett (2) . Table I gives details of materials studied.
Experimental design. The mothers were anesthetized with Sernylan' (2 mg/kg of body weight intramuscularly) about 30 min before the operative procedure. Body temperature was maintained at 37'C by a heat lamp. In the nonpregnant animals a catheter was inserted into a calf vein of each leg with the tip of the catheter threaded upward into the inferior vena cava, one with the tip above renal veins for injection of the isotope and the other with the tip below renal veins for sampling of blood. In the pregnant monkeys, after bilateral Mean of 4 pregnant 152 6.8 monkeys catheterization of a calf vein with the tips of catheters threaded upward into the inferior vena cava in the same fashion, a midline incision was made and the uterus was delivered through the abdominal incision. Placental margins and interplacental vessels were located by transillumination and were marked on the uterine serosa with silver nitrate. A small incision was made over the interplacental vessels and either the artery or the vein was isolated. A Silastic T-shaped catheter was inserted into the vessel and secured with silver rings (3). The myometrial incision was then approximated with interrupted sutures and the uterus was returned to the abdominal cavity. Whenever possible, the interplacental artery was chosen because of greater facility to obtain blood samples. In experiment IV in which the tracer was injected into the fetal circulation, two interplacental vessels at two different sites, one artery and one vein, were catheterized ( Fig. 1) . In all preparations a separate catheter was introduced into the amniotic cavity.
The isotope used was a 14C-labeled sodium bicarbonate with an activity of 20 mCi/mmole. The total dose employed in each experiment was 1.0 mCi dissolved in a volume of 1.0 ml of normal saline. This amount of "C was chosen to provide a readily measurable quantity of the isotope in a 1 to 106 dilution.
In the two experiments with nonpregnant monkeys the isotope was inj ected into vena cava above renal veins in less than 30 sec, and serial blood samples were collected from vena cava below renal veins over the subsequent 4 hr, at first every few minutes and then at longer intervals.
In the experiments with pregnant monkeys, in three instances (experiments I, II, III) the tracer was injected into the maternal vena cava above renal veins and in one experiment (experiment IV) it was injected directly into the fetal circulation (interplacental vein). Samples of maternal blood from vena cava below renal veins, fetal blood from interplacental artery, and amniotic fluid were collected in the same fashion as above over 4-5.5 hr. In each collection of either blood or amniotic fluid the initial portion of the sample was withdrawn in a separate syringe which was not used for determination of the isotope but was saved for replacement. A fresh 1 ml disposable syringe was then attached and 0.5 ml of sample collected. The original 1 ml of blood or amniotic fluid which had been withdrawn to clear dead space was then reinjected. The sample was transferred under oil into a 2 ml heparinized tube containing sodium fluoride. For the collection of amniotic fluid, a nonheparinized tube was used.
Fetus FIGURE 1 Schematic presentation of the vascular structures of the placentas in the rhesus monkey and the location of catheters in the fetal vessels. IPV, interplacental vein; IPA, interplacental artery; UV, umbilical vein; UA, umbilical artery; -*, direction of blood flow. Only IPA catheter was used for sampling the fetal blood in experiments I, II, and III.
Before the determination of the radioactivity of the sample, the material had to be transformed into carbon dioxide gas. The total carbon dioxide content of each sample, 0.2 ml of whole blood or amniotic fluid, was determined according to the procedures described by Peters and Van Slyke (4) . Collection of "4CO for scintillation counting was done according to the procedure of Van Slyke as modified by Weyman, Williams, and Plentl (5), using phenethylamine as absorbent. Radioactivity of`C was measured by the use of liquid scintillation counter (Nuclear-Chicago 720 series), at 4'C against a background of 20-22 cpm. Each sample was counted three times, each time either for 80 min or up to one million counts, whichever occurred first. The counting error was less than 1%. The value was corrected for counting efficiency (about 60%) which was obtained from the channels ratio; thus the average result could be expressed as disintegrations per minute per 0.2 ml of sample. Knowing the total C02 content in the sample the specific activity was expressed as disintegrations per minute per millimole of CO,. The fractional amount of the tracer in each compartment was expressed as a function of time from the specific activity. This was derived by dividing the product of CO2 content and each specific activity in a compartment by the number of disintegrations per minute of the injected tracer (in this case 1 mCi = 2.2 X 109 dpm). Maternal plasma volume was determined by dilution method using Evans blue (T-1824) as an indicator, and a Beckman model DU spectrophotometer for measurement of absorbance. With the knowledge of the concentration of red blood cells the maternal blood volume was calculated. Fetal blood volume was estimated to be 10% of fetal weight and 30%o of placental weight. Amniotic fluid volume was determined by dilution method using 1 ml of radioactive iodinated serum albumin (RISA) (6) of low activity (approximately 0.5 uCi/ml) which was injected into amniotic fluid. The withdrawn specimen of amniotic fluid was counted in a NuclearChicago well-type scintillation counter equipped with a model 186 decade scaler. The theory of Berman and Schoenfeld (7) was applied for analysis of data taking advantage of a general purpose computer program developed by Berman (8) (10) showed that in man equilibrium in the distribution of NaHCO3 between blood and interstitial fluid possibly including collagen was reached in about 30 min, whereas that between interstitial fluid and intracellular fluid required a much longer time interval. Certainly the infused bicarbonate must have been distributed homogeneously in the primary blood compartment within the first few minutes after the completion of infusion. Their studies indicate the existence of at least three compartments regarding the distribution of the bicarbonate. The previous reports from this laboratory by Friedman et al. (11) and Plentl and Friedman (12) have given evidence that in the pregnant animal there are several distinct compartments such as maternal blood, maternal extravascular pool, fetal blood, fetal extravascular pool, and amniotic fluid with regard to the distribution of acid-volatile '4CO2 after the injection of bicarbonate-"4C. Furthermore such an assumption is consistent with the present data which can be clearly broken down into at least three exponential components (Figs. 2, 3 , and 4). This indicates that the compartmental reflection of data is quite adequate (7). Because of the high diffusibility the gaseous component of the C02 family is obviously not compartmentalized in the above terms. Since it represents only about 5% of the total it does not, however, invalidate the assumption of compartmentalization.
The concept of a compartmentalized system applies only as an approximation for biologic system, because variations in physical distributions, inhomogeneity of the media, and diffusion processes are all interrelated with chemical changes. Therefore, a compartment in this context is a space of relatively large dimensions within which distribution of the specific substance under nonsteady-state conditions, i.e. tracer, is very rapid compared to distribution between this space and others.
Under the assumption that the system is in a steady state and consists of n compartments, a given set of timeactivity curves can be expressed as a sum of the respective exponential equations n qk(t) = E Akie-aet
where qk(t) is the amount or fraction of the labeled CO2 in the kt compartment at time t. Each exponential term on the right of this equation represents a straight line in a semilogarithmic coordinate system. Using the "peeling" technique, the exponential constants (slope a's) and the coefficients (intercepts A's) can be determined. Theoretically, the number of exponential terms should correspond to the number of compartments for the system under consideration. Then, the rate of change with time will be expressed as
In a steady state where the amounts of labeled and nonlabeled CO2 entering and leaving each compartment are equal, the rate of change of the amount of labeled CO2 in each compartment will be given by dt =-Xiiqi(t)+ Xiiqiq(t) ( The region where these values overlap defines the limits for the fractional transfer rates X's. This procedure of mapping, however, becomes complex when more than three compartments are involved or when pooling of compartments is not justified. Therefore, it is best to use the procedure only as a way to arrive at initial estimates of fractional transfer rates for the digital computer program SAAM-22 (Appendix III).
To determine the minimal number of compartments necessary for the model and obtain information necessary for building the model the data of the nonpregnant monkeys were analyzed. First, in Fig. 2 at least three straight lines could be drawn as shown by the "peeling"
technique. This indicates that regarding the distribution of CO0 there are at least three compartments in the nonpregnant animal. Further, all the data from a single study were fitted jointly to sums of exponentials, using the digital computer program SAAM-22 (8) . Three exponentials were necessary and sufficient to satisfy the data from 5 min to 240 min. Hence it was assumed that the fetus has at least an equal number of compartments in addition to the physically well defined compartment of amniotic fluid. The system under consideration thus has a minimum of seven compartments.
The specific activity curve in primary compartment (maternal blood in Fig. 3 A, fetal blood in Fig. 4 A) showed a rapid decline during the first few minutes which corresponded to a general distribution of CO2 within the various maternal or fetal compartments. After a certain length of time, equilibration was established between them and the secondary compartments, except for that of amniotic fluid. Eventually the curve approached a straight line which presumably reflected the rate of production of endogenous carbon dioxide. In Fig. 3 A the time-activity curves for mother and fetus approached each other within the first few minutes and became almost identical thereafter. It indicated a rapid transfer from mother to fetus. When 14C is injected into fetal blood (Fig. 4A) , the specific activity curve for maternal blood also rose rapidly but never reached the fetal level. The lower activity of '4C in maternal blood is expected due to the larger size of the compartment and is not indicative of the low rate of transfer. This established a transfer from fetus to mother. Taken together, these two facts represent evidence for an exchange of CO between the maternal and fetal blood.
The concentration of 4tC in amniotic fluid rose gradually but ultimately exceeded that of maternal and fetal blood; from then on the three curves declined at an ;1UntI11~clrUJ Tt After a number of trials taking into consideration the various possibilities for the values of the parameters X's (maxima and minima), the best estimates for the lambdas were then submitted. The number of iterations were set to nine which when completed gave a new set of X's. Table II shows these values for comparison with original estimates. The solution using the iterated values for the transfer rates was an excellent match for the observed and calculated points as given in Figs. 6, 7, and 8. The computed final lambda matrix is shown in Table  III (experiment I) where fractional transfer rates among various compartments are expressed in fractions per mintue. In this experiment the maternal organism and the products of gestation must have their own characteris ic influx rates (CO2 production) which may, but need not, be proportional to their weights. The model is so designed that the influx into compartment 5 must be equal to the net transfer (the total amount p not fractional transfer rate X) between fetus and mother. A set of lambdas which are best fit for the experimental data can now be used to calculate the influx into compartments 2 and 5 as well as the ratio of all compartments by using the equation:
where Table III and compartment sizes and influx rates given in Table IV . The pertinent data for each are listed in Table V and the final values given in Table VI . Average results of data analysis for our seven-compartment model are shown in Fig. 9 .
Exchange of Carbon Dioxide in the Pregnant Rhesus Monkey 4 5 DISCUSSION In this study it was assumed that "4CO2 met the following fundamental requirements inherent to a tracer study; first, it was biologically indistinguishable from CO2 and therefore subject to the same physiological changes; secondly, it was administered in such a small, though detectable, amount as not to disturb the equilibrium of the system as a whole; and thirdly, it was distributed evenly and instantaneously in the compartment into which it was injected, and it exhibited quantitative changes in distribution into other compartments as a representative of C02 of the system. First assumption is reasonable since i4CO2 has been used successfully a § a tracer for studies of the kinetics of C02 in biological system by many investigators without isotope effects. Second assumption is also reasonable because the total amount of NaH"CO0 infused was 0.05 mmoles. Such a small amount of tracer should not disturb the equilibrium of the whole system. Third assumption has some limitations since some small fractions of "CO2 would leave the blood stream through the lungs before a single circulation is completed when the NaH14C03 is injected into maternal circulation. However, considering the blood flow and the amount of CO2 in the inferior vena cava where the tracer was injected, the rate of elimination of C02 square fit to the data. Therefore, even if some fractions of through the lungs, and the circulation time, the amount of the injected tracer is lost before a single circulation, the tracer lost through the lungs in a single circulation is this would not affect this assumption significantly. negligible, possibly less than 1% of the amount of the Although various studies on placental transfer of tracer injected. The difference between the assumed and C02 in vivo have been conducted, mainly in sheep actually observed rate of homogenous distribution is so (15, 16) , goats (15, 17, 18) , monkeys (19) , and man small that the introduced error is much smaller than (20) , the experimental approach was entirely different those incurred by the analytical processes and the com-from the tracer distribution method. These traditional putational procedures of iterative process to get a least studies were mainly concerned with determination of Exchange of Carbon Dioxide in the Pregnant Rhesus Monkey the difference in concentration of CO2 between the fetal and maternal blood and (or) of arteriovenous difference in C02 concentration on maternal side of placenta. However, there exists a number of almost insurmountable obstacles in applying this approach to the placenta. It is difficult to determine the mean values of functional diffusion distance and area available for diffusion (21) . Furthermore, C02 concentration in uterine vein or artery and in umbilical vein or artery does not allow one to calculate the concentration at interphase with precision because of the presence of shunts (22) , and the heterogeneity in composition within the intervillous space (23) makes the sampling of the representative maternal blood quite difficult. Moreover, small difference in concentration of any solute makes the use of Fick's equation unsatisfactory.
Another conventional way to calculate the quantity of C02 produced by the fetus is by determination of arteriovenous difference of C02 concentration on the fetal side of the placenta. This, however, requires an accurate measure of the umbilical blood flow which is difficult to obtain in a relatively undisturbed preparation.
A study of the carbon dioxide transfer using "C in the rhesus monkey has been previously conducted in this laboratory (11, 12) . Although it yielded only qualitative interpretation of the time-activity curves, the study indicated that the isotope distribution technique was perhaps the most promising in the quantitation of C02 transfer across the placenta. It was found that there was a rapid exchange of C02 across the placenta and a slower exchange between fetal blood and amniotic fluid and little or no exchange between mother and amniotic fluid. This was confirmed and quantitated in the present study. In Table V the rate of transfer of the total amount of C02 from fetal blood to maternal blood was 20-126 times as high as that between fetal blood and amniotic fluid. The rate from maternal blood to fetal blood was lower than that exchanged in the opposite direction, yet up to nearly 30 times as high as that between fetal blood and amniotic fluid. It was also found that COs was transferred quite rapidly from maternal blood to fetal subcompartment 5 which contains placenta and membranes as portions. In fact, the transfer rate was about 2.5 times as fast as that from maternal blood to fetal blood. We could calculate the transfer rate of C02 with sufficient accuracy among seven compartments designed in the pregnant monkeys by analyzing the experimental data quantitatively using the computer program SAAM 22. The determination of transfer rates enabled us to calculate the compartment sizes and the influx rates into fetus and mother, thus the net transfer of C02 from fetus to mother and the loss of C02 from mother.
As physiologic measurements are generally expected to have limitations which exert their influence on the analysis of the data, the concept of a compartmentalized system in a complex biologic system is only an approximation. Although our preparation had in actuality a nearly infinite number of physically distinct compartments, regarding C02 distribution the seven-compartment model appeared to be satisfactory.
The present study showed that the primate fetus near term has a higher rate of the COs production per unit body mass than its mother. As seen in Table VI the mean value of the net transfer of CO. from fetus to mother (the rate of C02 production per kg by the fetus) is 0.4762 +0.04016 mmoles/kg-min whereas that of loss of CO from mother (the rate of C02 production per kg by mother) is 0.3731 ±0.02792 mmoles/kg min. The difference between the two mean values is statistically significant (P < 0.01). It should be noted that in the estimation of C02 production by the fetus the placenta and fetal membranes are viewed as an integral part of fetal body. Since the rate of CO production can be taken as an indicator of the rate of the energy metabolism, it is suggested that the primate fetus near term has a higher metabolic rate per unit mass than its mother. This appears to be justified because under relatively constant conditions the rate of COa fixation by either the fetal or maternal tissue would be insignificantly low compared to the rate of COs production. Judging from the findings that the metabolic rate based upon the rate of CO, production by the fetal monkey in our study is similar to that based upon O2 consumption by the newborn monkey found by Dawes et al. which was measured quite accurately because of the technical feasibility in the newborn animal, and that all the fetuses in our study survived with normal heart rates for [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] days after the experiment, we believe that the condition of our fetuses was within the physiological limit. How Since we know all compartments exchange with each other, we set up the model as the following one,
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Xi '01 where compartment 1 is blood compartment and 2 and 3 are other compartments. Influx (production of C02) is assumed to occur in compartment 2. The * indicates the initial condition in compartment 1 at t = 0. Xol denotes loss of CO2 from compartment 1 to outside the system. X0j indicates fractional transfer rate from compartment j to i.
The coefficients for compartment 2 and 3 are unknown, and their sum must be equal to zero at t = 0. In order to proceed with the mapping it is only necessary to start with a matrix for the coefficients that meets the conditions. y with the use of values of a generating model. Each new X' is set equal to or greater than zero. This yields a plot of i vs. y.
An area limited by lines X'13 = 0, xi31 = 0, Xi23 = 0, and x32 = 0 meets the requirements. Any X' obtained from X and corresponding y within this area will yield a physically realizable values corresponding to the experimental data. All these calculations can be done by a computer program SAAM-22 (8 The ratio of the compartment sizes for all X's in the defined area can be calculated according to equation 6 in the text and they are, An arbitrary selection for A22 and A23 will give a generating model (a lambda matrix) that can be used to find physically realizable models compatible with the data.
Using the values derived from the graph and setting A22 = -0.30000 and A23 = 0.50000, and A matrix will be Here the values for X12 and X23 are negative hence the model is purely theoretical and not directly applicable. However we can use this generating model for mapping purposes. In this case the number of degrees of freedom is 32 = 9; we know All, A12, A13 for compartment 1 and three a's, and Table II. 
